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1. Introduction

The advent of advanced manufacturing
techniques, particularly additive manufactur-
ing (AM), has transformed the production
landscape.[1–4] Moving beyond traditional
3D printing, which creates static objects from
digital designs, the emergence of 4D printing
introduces the dimension of time, enabling
objects to change shape in response to exter-
nal stimuli.[5,6] This innovative approach uti-
lizes smart materials, such as shape-memory
polymers (SMPs), that can alter their geome-
try in response to external stimuli such as
water,[7,8] heat,[9,10] light,[11,12] electricity,[13,14] or
magnetic fields.[15,16] Recent advancements
in programmable materials have enabled
precise control over shape transformations,
improving applications in biomedical
devices,[17–19] soft robotics,[20–22] and adaptive
structures including metamaterials.[23–25]

Among the AM techniques, fused fila-
ment fabrication (FFF) has been widely
recognized as a robust technique for 4D
printing due to its versatility and accessibil-
ity.[26] FFF, also known as FDM, operates
by heating and extruding thermoplastic
materials to build 3D structures layer by
layer.[27] Thermoplastics are deposited
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4D printing with carbon nanotube (CNT)-reinforced polymers enables advanced
shape-changing materials but faces challenges in CNT dispersion and perfor-
mance. This study addresses these limitations by functionalizing CNTs with
polyethylene glycol (PEG), significantly enhancing dispersion and interfacial
bonding within biocompatible polyvinyl chloride (PVC)-polycaprolactone (PCL)
composites. The composites, tailored for biomedical applications with a glass
transition temperature (Tg) of 37–41 °C, exhibit enhancedmechanical, thermal, and
shape-memory properties. At 0.5 wt% CNT, the composite achieves a 25%
increase in tensile strength, 95.78% shape fixity, and a 5-s recovery time,
offering an optimal balance of strength, flexibility, and rapid shape recovery.
Higher CNT concentrations (5 wt%) further improve thermal stability, increasing
the decomposition temperature by 20 °C and storage modulus by 670MPa,
although ductility is reduced. PEG grafting prevents CNT agglomeration, enabling
high filler loading without compromising printability, as confirmed through
uniform nanoparticle dispersion and defect-free fused deposition modeling
(FDM)-printed structures. These intelligent composites combine biocompatibility,
durability, and excellent shape-memory performance, making them suitable for
diverse structural and biomedical applications, such as adaptive medical devices,
ergonomic shoe soles, and wearable biosensors. This novel material provides a
versatile platform for high-performance, 4D-printed intelligent systems that
address current challenges in polymer nanocomposites and advance engineering
and biomedical innovations.
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through a heated nozzle onto a build plate, creating models with
high precision.[28] FDM’s precise temperature control enables
seamless processing of SMPs, allowing the fabrication of struc-
tures that can undergo programmed shape transformations in
response to external stimuli. Moreover, the ability to control print-
ing parameters such as layer thickness, infill density, and printing
orientation further enhances the tunability of shape-memory
effects (SMEs) in 4D-printed structures. This level of control makes
FDMparticularly advantageous for designing adaptive components
with tailored actuation responses. Additionally, its cost-effective-
ness and widespread adoption make it a practical choice for devel-
oping complex, functional 4D-printed components.[29,30] The
choice of materials plays a crucial role in determining the proper-
ties of the final product, and polymers have become the most
widely utilized material class in the industry due to their versatile
behaviour around the Tg. Above Tg, polymers are soft and flexible
in their rubbery plateau, whereas below Tg, they exhibit hard and
brittle characteristics in their glassy region. Polymers with a Tg
above ambient conditions include polyvinyl chloride (PVC), poly-
ethylene terephthalate (PET), and polymethyl methacrylate
(PMMA). Conversely, polymers such as low-density polyethylene
(LDPE) and silicone exhibit Tg values below room temperature.[31,32]

PVC is one of the most extensively utilized thermoplastic pol-
ymers in the industry, valued for its versatility, durability, and
cost-effectiveness. Recent studies indicate that PVC is a suitable
material for use in 3D printing applications.[33–35] Chemically,
PVC is an amorphous thermoplastic polymer produced through
the free radical polymerization of vinyl chloride monomer.
Although pure PVC exhibits inherent hardness and brittleness,
its mechanical properties can be significantly enhanced through
the incorporation of plasticizers. The material’s excellent chemi-
cal resistance, combined with its abrasion and weather resis-
tance, renders it suitable for diverse applications, including
pipes and fittings, door and window profiles, flooring, and wire
and cable insulation.[36,37] Polycaprolactone (PCL), on the other
hand, is a biodegradable polymer widely used in engineering
applications, valued for its flexibility, tensile strength, and ease
of processability. It demonstrates excellent biocompatibility, sup-
porting cell growth and proliferation, and is compatible with
FDM, making it ideal for high-quality 3D printing.[38–41]

Furthermore, its ultralow Tg of �60 to �70 °C and a melting
point of 59 to 64 °C in a fully amorphous state and exceptional
molecular-level compatibility with PVC enhance its versatility
across applications.[35,42] A critical consideration in medical
and dental applications is the biocompatibility of polymers that
come into contact with the human body. PVC, a durable thermo-
plastic polymer widely used for its excellent chemical resistance,
is inherently bioincompatible. However, blending PVC with bio-
degradable and biocompatible polymers like PCL, known for its
flexibility and tensile strength, can mitigate this limitation. The
resulting PVC–PCL composites not only enhance biocompatibil-
ity but also achieve a synergy of mechanical properties, offering a
versatile solution for applications that require both durability and
adaptability across industrial and biomedical fields.[40,43,44]

Research has demonstrated the potential of PVC–PCL compo-
sites for advanced applications in 3D and 4D printing. Liu
et al.[45] investigated PVC–PCL composites with triple-shape-
memory properties and identified PVC–PCL (70/30) as an opti-
mal composition due to its wide glass transition range (0–60 °C)

and desirable mechanical characteristics. Sundgren et al.[46] stud-
ied the anti-plasticizing effect of PCL on PVC, highlighting the
mechanical behaviour of PVC–PCL blends, while our earlier
work[47] focused on the biocompatibility of PVC–PCL composites
and their environmental advantages over conventional plasticiz-
ers. Building on these findings, another of our previous stud-
ies,[48] demonstrated that PVC–PCL blends exhibit enhanced
shape recovery properties at higher temperatures, with PVC–PCL
(90/10) outperforming PVC–PCL (95/5). Notably, PVC–PCL
(90/10) achieved a yield stress of 39.71MPa at room temperature
and showed shape recovery stresses of 7.92 and 5.63MPa at recov-
ery temperatures of 65 and 45 °C, respectively, highlighting its
superior performance under higher recovery conditions.

Carbon nanotubes (CNTs) have been widely studied due to
their exceptional electrical, thermal, and mechanical properties,
which make them a significant focus of research over the past
two decades.[49–53] As an example, Ho et al.[54] demonstrated that
integrating multiwalled CNTs (MWCNTs) into PCL matrices via
3D printing enhanced scaffolds’ mechanical strength, thermal
stability, and electrical conductivity. Nanoindentation showed
increased elastic modulus and hardness, while biodegradation
rates were tunable. These biocompatible PCL–MWCNT compo-
sites are promising for cardiac tissue engineering. CNT’s unique
structure and high aspect ratio, reinforced by carbon-carbon cova-
lent bonds, provide remarkable strength-to-weight ratios, tensile
strength of up to 500 GPa, and a low density of�1.3 g cm�3, mak-
ing them both stronger and lighter than steel.[55–58] CNTs also
exhibit excellent thermal conductivity (�3500Wm�1 K�1) and sta-
bility at high temperatures, along with electrical properties that
vary depending on their geometry.[59–61] Despite these advantages,
incorporating CNTs into polymer matrices is challenging due to
strong van der Waals interactions that lead to agglomeration,
which limits their dispersion and negatively impacts composite
properties.[62] Grafting polymers onto CNTs has been shown to
effectively address these challenges by improving dispersion,
enhancing interfacial adhesion, and enabling better load transfer.
This process leads to debundling and exfoliation of CNTs, improv-
ing solubility and ensuring uniform distribution within the
matrix. As a result, polymer-grafted CNT composites exhibit
improved mechanical, thermal, and electrical properties, making
them suitable for high-performance applications.[49,50,63]

Although CNTs have been widely studied in polymer compo-
sites, their effective integration remains a challenge, particularly
in achieving uniform dispersion and maintaining processability.
Functionalizing CNTs with PEG introduces a crucial improvement
in the interaction between the filler and the polymer matrix, which
has significant implications for enhancing material properties.[64]

Additionally, while MWCNTs offer excellent mechanical and elec-
trical properties, their cytotoxicity and potential biomembrane dis-
ruption remain concerns. They can trigger oxidative stress and
inflammation due to their high aspect ratio and surface reactiv-
ity.[65] PEG grafting mitigates these risks by improving dispersion,
reducing aggregation, and forming a biocompatible shield, making
PEG-grafted CNTs a safer choice for biomedical and structural
applications.[66,67] Furthermore, by enhancing dispersion and inter-
facial bonding, PEG grafting not only improves biocompatibility
but also enables the incorporation of higher CNT loadings without
common issues such as agglomeration or reduced processabil-
ity.[67,68] As CNT content increases, achieving uniform dispersion,
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maintaining strong filler–matrix interactions, and preventing noz-
zle clogging in 3D printing become critical challenges. This study is
the first to demonstrate that PEG-grafted CNTs simultaneously
enhance dispersion, interaction, and printability, enabling high-
strength nanocomposites with superior processability at elevated
CNT loadings.

In this study, PEG-grafted CNT-reinforced PVC–PCL compo-
sites were developed with varying CNT weight percentages (0.5,
2, 3.5, and 5%) to enhance material performance and compatibility.
The CNTs were functionalized with polyethylene glycol (PEG) to
address the dispersion challenges typically associated with CNTs,
thereby ensuring uniform distribution within the polymer matrix
and improving interfacial bonding. PEG was specifically chosen
for its biocompatibility, hydrophilicity, and ability to stabilize
CNTs in polymer systems, offering advantages over other potential
modifiers. By overcoming the limitations of conventional CNT inte-
gration, this approach enables the fabrication of high-strength,
printable nanocomposites with optimized rheology, minimizing
processing issues such as increased viscosity and nozzle clogging.
The composites were synthesized via melt blending and fila-
ment extrusion, followed by 3D printing using FDM. A range of
tests, including dynamic mechanical thermal analysis (DMTA),
thermogravimetric analysis (TGA), Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM), mechanical
properties (tensile testing and three-point bending), and shape-
memory experiments, was performed and demonstrated significant
improvements in mechanical, thermal, and structural properties,
emphasizing the impact of PEG-grafted CNTs on composite perfor-
mance. This work addresses a critical gap by presenting a simple
and effectivemethod for developing high-performance nanocompo-
sites for 3D printing. Leveraging PEG-grafted CNTs, this approach
enhancesmechanical properties, particle distribution, and printabil-
ity, offering significant potential for advanced manufacturing appli-
cations requiring material uniformity and high filler content.

2. Experimental Section

2.1. Materials

The primary material used in the preparation of PVC–PCL
blends and composites was transparent food-grade PVC granules
(K value of 70) sourced from Baspar Plastic Industrial Company,
Iran. Polycaprolactone granules were commercially obtained
from eSun Co., China. Tetrahydrofuran (THF), a solvent with a
boiling point of 66 °C, was obtained from Sigma-Aldrich. THFwas
employed as a solvent during the modification of oxidized nano-
particles with PEG. Prior to use, it was rigorously dried. PEG with
a molecular weight of 400 gmol�1 was purchased from Merck,
Germany, and utilized for grafting onto CNTs and subsequent
chemical modification. CNTs were acquired fromUSNano, exhib-
iting a purity level exceeding 95%. These CNTs possessed an inner
diameter of 5–10 nm, an outer diameter of 20–30 nm, and a length
of 10–30micrometers. Sulfuric acid (H2SO4) and nitric acid
(HNO3) were obtained from Merck, Germany, with concentra-
tions of 98% and 65%, respectively. Dicyclohexylcarbodiimide
(DCC) served as the catalyst for the PEG grafting reaction onto
nanoparticles. This coupling agent, appearing as white crystals,
was also acquired from Merck, Germany.

2.2. Modification of CNTs

To improve the dispersion and distribution of nanoparticles
within the polymer matrix and prevent agglomeration, the sur-
face of the CNTs was functionalized by grafting PEG. CNTs were
highly hydrophobic and exhibited poor interaction with polar sol-
vents and polar polymers such as polyethylene oxide (PEO).
Grafting PEG onto the surface of CNTs could provide suitable
dispersion of nanoparticles in both aqueous and organic sol-
vents.[69,70] Since PEG had a chemical structure very similar to
PEO, it was expected to provide good dispersion when attached
to the nanoparticle surface. For this purpose, a “grafting to”
method was employed, which initially requires the oxidation
of CNTs and the creation of carboxylic acid groups on the surface.
Subsequently, the oxidized nanoparticles reacted with PEG 400
in the presence of DCC catalyst. The details of the nanoparticle
modification process are presented in the following and illus-
trated in Figure 1.

CNTs were oxidized using an acid oxidation method. Acid oxi-
dation was a mild oxidation method that employs a mixture of
nitric and sulfuric acids, resulting in the formation of carboxylic
acid groups on the nanoparticles. In this method, a mixture of
sulfuric acid and nitric acid specifically created carboxylic acid
groups on the nanoparticles.[71] The resulting product was called
CNT-COOH. Initially, for every 0.4 g of nanoparticles, 100mL of
a mixture of 8 molar sulfuric acid and 8 molar nitric acid was
used in a 1:1 volume ratio. The mixture was stirred using a mag-
netic stirrer at 60 °C for 20min. Then, this mixture was placed in
an ultrasonic bath at 60 °C for 2 h at a power of 60W and a fre-
quency of 40 kHz. After the completion of the ultrasonic bath, the
solution was diluted with distilled water, and the dilution and cen-
trifugation of the mixture were repeated until the pH of the solid
nanoparticles reached a neutral range. Finally, the neutralized
mixture was dried in an oven under vacuum at 60 °C for 24 h.

2.3. PEG Grafting

A Fischer esterification reaction was used, which involved reflux-
ing alcohol and carboxylic acid in the presence of a catalyst. The
reaction was carried out in the presence of a DCC catalyst, in a
nonpolar THF solvent, under a nitrogen atmosphere, and for
48 h at 60 °C. This reaction was performed on CNTs oxidized
by the acid method. For every 0.5 g of CNTs, 40mL of dried
THF solvent was poured into a flask. Two grams of PEG and
0.05 g of DCC were added to it. The mixture was placed in an
ultrasonic bath at 130W and a frequency of 40 kHz for 15min.
Afterward, the mixture was stirred using a magnetic stirrer at
high speed for 48 h under the aforementioned reflux conditions.
During this time, a nitrogen gas flow was active. After the reac-
tion time was completed, the functionalized nanoparticles were
separated using a 0.45-μm Teflon filter and washed with a suffi-
cient amount of ethanol and distilled water. To ensure the
removal of all excess and unreacted PEG, the mixture was cen-
trifuged, and after each centrifugation step, the ethanol solution
was removed, and the remaining precipitate in the Falcon tubes
was transferred to a new container, and the solvent was added
again. In the final step, the precipitate along with the ethanol

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2025, 2500113 2500113 (3 of 14) © 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aisy.202500113 by T

est, W
iley O

nline L
ibrary on [05/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


solution was kept in a vacuum oven at 70 °C for 72 h, and then the
PEG-grafted CNTs were ready for use in composite processing.

2.4. Nanocomposite Preparation

PVC–PCL–CNT composites with varying weight percentages of
PEG-grafted CNTs were prepared using the melt mixingmethod.
Prior to mixing, PVC and PCL granules were dried at 80 and
60 °C, respectively, for 24 h to remove moisture. Initially, PVC
granules were fed into the internal mixer and completely melted
for 2min at 180 °C and a speed of 100 rpm. PCL granules were
then added, followed by the nanoparticles. The mixture was held
for 10min. The output of the internal mixer was a composite in
the form of a lump. Subsequently, it was processed into thin
sheets with a thickness of less than 1mm using a hot press.
The produced sheets were then granulated. In this way, four
composites with weight percentages of 0.5, 2, 3.5, and 5%
were prepared (Table 1).

2.5. Filament Production

To print the final samples using FDM, a filament with a diameter
of 1.75mm and a smooth surface was required. This was
achieved using a single-screw extruder with a length-to-diameter
ratio of 20, a nozzle temperature of 210 °C, and a screw rotation
speed of 25 rpm. The same process was repeated for PVC–PCL
blends and processed composites at temperatures ranging from
210 to 215 °C.

2.6. 3D Printing

After qualitative and quantitative analysis of the processed fila-
ments, the samples were printed using a custom-built single-
nozzle FDM 3D printer. Due to the specific printing conditions
of PVC, several critical points were considered for the first time.
To ensure the adhesion of the first layer and overcome the poor
adhesion of PVC to the printing bed, PVC adhesive was used.
The most significant challenge in printing PVC was selecting
the appropriate temperature, as the operating temperature range
was very limited. In the FDM process, this working range was
affected by parameters such as speed, nozzle diameter, and layer
thickness, and it significantly impacted the melt rheology, fila-
ment buckling, and quality of the final printed part. For this pur-
pose, a constant nozzle printing temperature of 200 °C was
considered for all samples. To achieve optimal mechanical prop-
erties, the speed, layer thickness, and nozzle diameter were
adjusted within the printable range summarized in Table 2. It
is worth noting that this was the highest possible temperature
for printing PVC, and increasing it further caused thermal deg-
radation (becoming yellow in colour). Although printing at lower
temperatures (in the range of 170 to 200 °C) was possible under
specific printing conditions, reducing the temperature, due to the

Figure 1. Schematic of the step-by-step process for modifying CNTs via oxidation (CNT-COOH preparation).

Table 1. Compositions of PVC–PCL–CNT blends.

Sample PVC PCL CNT

[wt%] [wt%] [wt%]*

PVC–PCL 90 10 0

PVC–PCL-C0.5 90 10 0.5

PVC–PCL-C2.0 90 10 2.0

PVC–PCL-C3.5 90 10 3.5

PVC–PCL-C5.0 90 10 5.0

* Note: CNT content is reported in wt% for consistency but represents phr (parts per
hundred rubber) relative to the PVC–PCL blend.
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higher flow rate of PVC and its high melt strength, exacerbated
two limitations: nozzle clogging and filament buckling. All sam-
ples were printed with 100% infill density and a bed temperature
of 60 °C. Figure 2a,b demonstrate the processes of nanocompo-
site preparation and the printed specimens, respectively.

2.7. DMTA

Using ASTM D4065-01, DMTA was performed in a constant
temperature range of �50 to 100 °C. The beam-shaped
specimen was subjected to a bending state and dimensions of
50� 10� 1.5 mm3, and temperature changes and constant fre-
quency were applied at a rate of 5 °Cmin�1 and 1Hz,
respectively.

2.8. TGA

TGA test was used to compare PVC–PCL with CNT-containing
compounds and also to determine the thermal stability of poly-
mer samples. These measurements were performed using a
Mettler Toledo TGA/DSC1 device, manufactured in Switzerland.

The samples were heated from room temperature to 500 °C at a
rate of 10 °Cmin�1 in a nitrogen atmosphere.

2.9. FTIR

FTIR examined four different samples of CNT with PEG, a pure
CNT sample with a repeat of it, and finally a CNT modified
with carboxyl functional groups (COOH) in the range of
400–4000 cm�1. It was performed with 14 scans and using a
Bruker EQUINOX 55 device.

2.10. Mechanical Properties

Mechanical properties were investigated through tensile and
bending tests on various samples. Test specimens for tensile test-
ing and three-point bending were printed with dimensions
of 9.5� 3.2� 3mm3 and 50� 10� 3mm3 respectively. The
mechanical tests were conducted using three repetitions for each
group at a displacement rate of 1mmmin�1, at room tempera-
ture, and performed on a Santam testing machine.

2.11. Printability and Morphology

The morphological analysis and evaluation of the printability of
the composite’s tensile-fractured surface were performed using a
Tescan Vega SEM. The samples were first fractured in a brittle
manner under liquid nitrogen, following standard laboratory
methods. The fractured surfaces were then coated with a thin
layer of gold and dried at room temperature. This process facili-
tated the examination of the bond quality between the PVC–
PCL–CNT layers and provided valuable insights into the struc-
tural characteristics of the composite.

Table 2. 3D printing conditions of printed samples.

Printing parameters PVC–PCL PVC–PCL–CNT

Velocity (mm/s) 10 10

Temperature (°C) 200 200 - 210

Layer thickness (mm) 0.2 0.2

Nozzle diameter (mm) 0.8 0.8

Figure 2. a) Nanocomposite preparation and 3D printing process. b) 3D-printed samples. c) Schematic of the shape recovery process.
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2.12. SME

The programming temperatures were determined based on the
results of DMTA, which identified three distinct thermal zones:
glassy, transition, and rubbery states. The programming and recov-
ery processes were conducted within these zones, enabling the eval-
uation of SME parameters, including shape fixity (Rf ) and shape
recovery ratio (Rr). Figure 2c illustrates the shape recovery process.

Beam-shaped samples measuring 50� 10� 1.5 mm3 were
used for the tests. During the programming stage, the samples
were heated in a water bath to 80 °C, a temperature above their
glass transition (Tg), and subjected to bending forces to induce
deformation. The samples were then cooled to 20 °C in water while
maintaining the applied force to stabilize their shape. After cooling,
the load was removed. The angle achieved after fixity was recorded
as θf. The (Rf ) was calculated using Equation (1)

Rf ð%Þ ¼ 180� θf
180

� 100 (1)

To evaluate shape recovery, the samples were reheated in an
80 °C water bath, where they returned to their original shape as
the temperature exceeded Tg and transitioned into the rubbery state.
Each recovery test was repeated three times for consistency, and
the recovery process was monitored by a video camera to ensure
accuracy. The angle achieved after recovery was recorded as θr.

The (Rr), were calculated using the Equation (2)

Rrð%Þ ¼ θr � θf
180� θf

� 100 (2)

3. Results and Discussion

3.1. FTIR

FTIR works on the basis of the absorption of infrared radiation by
a material and the specific vibrations of chemical bonds. In fact,

each chemical bond in a material, depending on its type and
structure, absorbs a specific energy of infrared light, leaving
behind a chemical fingerprint, which is essentially a unique spec-
tral pattern.

The results of the FTIR spectrum analysis are shown in
Figure 3b, with the horizontal axis of the wavelength diagram
and the vertical axis of light transmission. By analyzing the peaks
of these diagrams in Figure 3b, it is clear that the absorption
of certain lights in the range of 3000–3700 cm�1, whose intensity
is higher in the COOH sample, is related to the presence of
hydroxyl groups (─OH). Also, the light absorption bands at
1500–1800 cm�1, which are clearly observed in the modified
CNT, indicate the stretching vibration of the C═O bond. The
presence of peaks in the 700–1300 and 2800–3000 cm�1 regions
also confirms the presence of C─H and C─O─C groups.

Finally, it can be concluded that the surface modification pro-
cess of CNTs has been successfully carried out and hydroxyl and
C═O functional groups have been added to the CNT structure,
which indicates an increase in the interaction between nanopar-
ticles and the matrix in composite applications. The presence
of the mentioned peaks in the modified sample can also be
seen to improve the mechanical and thermal properties of
nanomaterials.

3.2. Thermal Properties

As discussed in previous sections, PVC is one of the most widely
used polymers because of its good mechanical properties, ease,
and economic processability. However, this polymer has a fragile
nature, and it is non-biodegradable. Therefore, PCL was incorpo-
rated to make it flexible and biocompatible. Besides, CNTs were
incorporated to make it obtain more suitable mechanical, electri-
cal, and thermal properties. In this study, the PVC–PCL–CNT
composite was characterized using DMTA and TGA in order
to research the thermal and mechanical properties of this
composite.

Figure 3. a) Reaction scheme for the functionalization of CNTs with PEG using DCC as a coupling agent. b) FTIR spectra of PEG-grafted CNTs,
CNT-COOH, and pristine CNTs.
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In DMTA, which is used to analyze the viscoelastic properties
of polymers, a small sinusoidal stress is applied to the polymer
sample, and its deformation is measured. By analyzing the tem-
perature change or the frequency of the applied stress, informa-
tion about the storage modulus (E 0) and loss coefficient (tan δ)
was obtained. The rise of the storage modulus indicates the rise
in strength and rigidity of the composite, and the Tg of the poly-
mer can be obtained from the loss coefficient diagram.

Figure 4 presents the thermal analysis results for the PVC–
PCL mixture and reinforced nanocomposites with different
weight percentages of CNT. As can be seen in Figure 4a,b, which
show data of DMTA, the PVC–PCL combination is a completely
miscible mixture, a result supported by findings in the litera-
ture.[72] The high compatibility of these two thermoplastic poly-
mers has led to this result, and the addition of nanoparticles had
no effect on the solubility and morphology of the mixture. The
results show that the storage modulus in �50 °C grows with
the increase in CNT weight, rising from 2152.78MPa for the
neat PVC–PCL blend to 2592.94MPa at 0.5 wt% CNT and
2822.9MPa at 5 wt% CNT. Of course, this increased rate is
noticeable compared to the PVC–PCL mixture without nanopar-
ticles. The Tg of the PVC–PCL blend can be identified from the
transition region of the storage modulus curve, corresponding to
the range of 37–41 °C, which serves as the switching temperature
for the shape-memory process. This temperature range aligns
closely with human body temperature, making the material suit-
able for biomedical applications. With the addition of CNTs, the
storage modulus slightly increases, particularly at higher CNT
contents, due to the restriction of polymer chain mobility caused
by the nanoparticles. On the other hand, the reduction of tan δ

with the addition of CNTs is noticeable, which indicates the
improvement of the elastic behaviour of the material and the
reduction of energy loss. This enhancement in modulus and
reduced energy dissipation contribute to the improved shape fix-
ity observed in CNT-reinforced composites compared to the neat
PVC–PCL blend.

To investigate the thermal properties, TGA and derivative
TGA (DTG) were conducted. These tests provide critical insights
into the thermal stability, decomposition behaviour, and weight
loss processes of materials. Specifically, TGAmeasures the weight
changes of a sample as a function of temperature, while DTG iden-
tifies the critical temperatures by analyzing the rate of weight
change. The TGA curve illustrates the percentage of weight
remaining at various temperatures, while the DTG peaks highlight
the temperatures at which weight loss occurs most rapidly.

Figure 4c shows the TGA test results for three materials: pure
PVC–PCL, PVC–PCL with 0.5% CNT, and PVC–PCL with 5%
CNT. The TGA curves can be divided into three distinct regions.
In the first region, up to 100 °C, a slight weight change is
observed due to the evaporation of moisture or volatile com-
pounds. In the second region, between 200 and 400 °C, weight
loss occurs, but no significant differences are noted among the
three materials in this temperature range. In the third region,
above 400 °C, the weight loss gradually increases, indicating
the complete decomposition of the remaining material structure.
The addition of 0.5% CNT does not significantly affect the
decomposition temperature, but with 5% CNT, the decomposi-
tion temperature of the PVC–PCL blend increases by �10–20 °C,
demonstrating the thermal stabilization effect of CNTs at higher
concentrations.

Figure 4. Thermal analysis of PVC–PCL–CNT nanocomposites at varying CNT weight percentages: a) storage modulus, b) Tan δ, c) TGA, and d) DTG.
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The DTG results, shown in Figure 4d, reveal two prominent
peaks within the temperature ranges of 300–350 and 400–500 °C,
corresponding to the critical decomposition temperatures of the
materials. The first peak, occurring at �310 °C for pure PVC–
PCL, shifts to around 315 °C with the addition of 0.5% CNT
and remains close to 300 °C for the sample with 5% CNT. At
about 310 °C, the height of the peak for the sample with 0.5%
CNT is lower than both pure PVC–PCL and the sample with
5% CNT, indicating a reduction in the degradation rate at this
temperature. Interestingly, the height of the peak for 5% CNT
is slightly higher than that of pure PVC–PCL at this point, sug-
gesting a localized increase in degradation activity. The second
peak, observed at �445–450 °C for all samples, shows no notice-
able difference in peak height among the samples, indicating
similar degradation behaviour for the remaining material struc-
ture at this stage. These results highlight the nuanced effects of
CNT incorporation, with 0.5% CNT contributing to reduced deg-
radation rates during the primary phase, while 5% CNT influen-
ces the thermal behaviour differently.

Consequently, the TGA and DTG analyses confirm that the
incorporation of CNT nanoparticles into the PVC–PCL blend
enhances the thermal stability of the composite materials. The
delayed thermal decomposition and reduced degradation rates
underscore the stabilizing effect of CNTs, highlighting their
potential to improve the performance and reliability of
PVC–PCL composites in applications that demand high thermal
resistance and structural integrity.

3.3. Mechanical Properties

The mechanical properties of FDM-printed composites were
examined under tensile and three-point bending loading
modes, considering the effect of CNTs. On the one hand,
Figure 5a,b depicts quantitative data of the tensile test, includ-
ing stress–strain diagrams, ultimate tensile strength (UTS),
and elongation.

The neat PVC–PCL blend exhibited high elongation and low
UTS, reflecting its ductile nature. Adding CNTs significantly
increased tensile strength but reduced elongation. At 0.5 wt%
CNT, tensile strength improved with minimal loss of ductility,
indicating a good balance of strength and toughness due to uni-
form nanoparticle dispersion. At 2 and 3.5 wt% CNT, tensile
strength continued to increase, but elongation dropped sharply,
with 2 wt% exhibiting the lowest value, followed closely by
3.5 wt%. This indicates a transition to a stiffer and more brittle
behaviour at these CNT concentrations. The 5 wt% CNT compos-
ite achieved the strength continued to improve, but elongation
showed a slight recovery, possibly due to enhanced load transfer
despite the matrix’s stiffness.

Therefore, the bar chart in Figure 5b quantitatively highlights
these trends. Tensile strength increased steadily with higher
CNT content, peaking at 5 wt%, while elongation showed a non-
linear trend. The highest elongation occurred at pure PVC–PCL,
followed by a sharp decline at 2 and 3.5 wt% CNT. This demon-
strates a clear trade-off between strength and ductility: lower

Figure 5. Mechanical test results based on the weight percentage of CNT nanoparticles in PVC–PCL blends: a) stress–strain diagrams from tensile tests,
b) quantitative results of UTS and elongation, c) stress–strain diagrams from three-point bending tests, and d) quantitative results of flexural strength and
elongation.
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CNT concentrations promote toughness, while higher concentra-
tions favor rigidity.

The reinforcing effect of CNTs can be attributed to their ability
to transfer stress effectively within the matrix. Surface modifica-
tion, such as PEG grafting, ensures uniform dispersion and min-
imizes agglomeration. Figure 3a illustrates how PEG grafting
enhances CNT dispersion and interfacial bonding. By reducing
van der Waals interactions, PEG prevents CNT agglomeration,
which otherwise leads to stress concentration points and prema-
ture failure. Additionally, the presence of oxidized functional
groups on CNTs facilitates hydrogen bonding, further strength-
ening the polymer network. This improved dispersion and inter-
action enhance load transfer, resulting in increased tensile and
flexural strength while also improving printability by reducing
viscosity fluctuations and preventing nozzle clogging. However,
at higher CNT loadings, the FDM process introduces challenges
like microvoids and reduced interlayer adhesion, contributing to
brittleness. In immiscible polymer systems, failure typically ini-
tiates with the development of microcracks in the weaker phase
or at the interface between components.[73,74] These regions serve
as stress concentration points, significantly contributing to the ini-
tiation of the failure process.[75] Conversely, the formation of a mis-
cible compound with strong molecular-level bonding, as seen in
miscible PVC–PCL systems, enhances mechanical properties by
reducing stress concentration and improving structural integrity.[43]

In conclusion, 0.5 wt% CNT provides an optimal balance of
strength and ductility, making it suitable for flexible and tough
applications. Higher CNT contents (3.5–5 wt%) are ideal for
applications requiring superior strength and rigidity.

On the other hand, Figure 5c,d depicts the results of the three-
point bending tests, including flexural strength and deformation
behaviour under bending loads. In general, the flexural strength
increases with higher CNT content, aligning with the trends
observed in the tensile tests. The neat PVC–PCL blend shows the
lowest flexural strength due to its ductile nature, while CNT-
reinforced composites exhibit improved strength, indicating
the reinforcing effect of the CNTs.

However, the elongation behaviour under bending is irregular.
The 3.5% CNT sample shows a sudden and brittle failure, which
could be attributed to the uneven distribution of nanoparticles and
the formation of microvoids during the printing process. This
irregularity in elongation trends may also be influenced by factors
such as print quality and the consistency of nanoparticle disper-
sion within the matrix. These observations suggest that while
CNTs enhance the flexural strength, challenges such as agglom-
eration, microvoids, and printing defects can impact the overall
mechanical performance, particularly at higher CNT concentra-
tions. These results demonstrate the potential of PVC–PCL–CNT
composites for a wide range of structural and flexible applications,
with insights into optimizing CNT content and FDM parameters
for improved performance. The next section further examines these
issues, focusing on print quality and nanoparticle distribution.

3.4. Printability and Morphology

Figure 6 demonstrates cross-sectional images of FDM-printed
nanocomposites after brittle failure in liquid nitrogen, along with
SEM images of filaments for each CNT percentage. As can be
observed, considering the number of microvoids and interlayer

adhesion, the print quality of all four nanocomposites is acceptable
and satisfactory. The presence of microvoids in the FDM process is
inevitable and represents a fundamental challenge of this method.
It is highly dependent on feed rate and system, cooling speed of
layers, and raster shrinkage. These factors are influenced by a com-
bination of printing parameters, part geometry, and the intrinsic
properties of the printing material. The feed rate and system are
themost critical and challenging parameters, while all three aspects
are interconnected. Material properties, such as rheology and melt
strength, play a key role and can be adjusted through printing
parameters like temperature, speed, nozzle diameter, and layer
thickness. Higher temperatures can lead to better filament melting
and improved interlayer adhesion, enhancing feed rate. However,
in some cases, higher temperatures may also increase raster
shrinkage and exacerbate the presence of microvoids.[76–80]

For semicrystalline thermoplastics, higher printing tempera-
tures are recommended to achieve full crystal melting. In
temperature-sensitive materials like PVC, with a limited opera-
tional temperature range, excessive temperature increases are
not feasible. For composites containing nanoparticles, higher
temperatures are suggested to prevent nozzle clogging. However,
for PVC–PCL blends, this is not possible, and the samples were
printed at 200 °C. Low temperatures can cause issues related to
poor fluidity (high viscosity) and increase the likelihood of buck-
ling during printing. To mitigate this, using a larger layer thick-
ness to enhance the feed rate is recommended.

For printing the nanocomposites, a nozzle diameter of
0.8mmwas used. As shown in Figure 6d, the composite contain-
ing 5 wt% CNTs exhibited satisfactory print quality similar to the
other three composites, primarily due to the proper distribution
of nanoparticles. The use of composites with nanoparticles often
faces challenges like nozzle clogging due to improper dispersion
and agglomeration of particles. In this study, for the first time,
modified CNTs functionalized with PEG grafting were used,
which contributed to achieving an improved nanoparticle distri-
bution in the PVC–PCL matrix for all four printed composites, as
presented in Figure 6e–h. These images confirm that the
PVC–PCL blend is compatible, and the addition of nanoparticles
does not alter the compatibility or miscibility of the base polymer.
This result has previously been examined and confirmed through
DMTA thermal analysis. The available literature indicates that
polyesters such as PCL and chlorinated polymers like PVC
exhibit favorable intermolecular interactions and closely aligned
solubility parameters, leading to some level of miscibility.[81–83]

Based on these images, the addition of 0.5 wt% CNTs results in a
highly dispersed and nearly uniform distribution within the
matrix. This uniform distribution is maintained even with the
increase in nanoparticle content to 3.5 and 5 wt%.

As shown in Figure 6d, the composite containing 5 wt% CNT
exhibits no uneven distribution or particle agglomeration. This
achievement is largely attributed to the surface modification of
nanoparticles with PEG, which enhances compatibility between
the CNTs and the polymer matrix. The PEG grafting reduces
the van der Waals interactions among CNTs, preventing their
agglomeration and promoting better dispersion within the matrix.
Additionally, PEG acts as an effective interface, improving the
interaction between the hydrophobic CNTs and the hydrophilic
components of the PVC–PCL matrix. By improving wettability
and reducing interfacial tension, PEG grafting facilitates the
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integration of CNTs into the polymer blend without disrupting the
miscibility or morphology of the base materials. This well-distrib-
uted nanoparticle incorporation significantly contributes to the
mechanical uniformity and printability observed in the composites.

Moreover, PEG grafting not only improves nanoparticle dis-
persion but also enhances processing stability during printing
by minimizing variations in viscosity. This ensures consistent
material flow and layer deposition, resulting in composites with
superior structural integrity and fewer defects. Previous studies
have shown that optimizing processing conditions plays a key
role in controlling surface morphology and improving interlayer
adhesion in 3D-printed composites.[84–86] The improved interfacial
bonding between CNTs and the matrix enhances load-bearing
capacity, reducing microcrack initiation and improving material
durability. The uniform CNT distribution facilitates more effective
stress transfer, resulting in increased tensile strength and tough-
ness. Continuous improvements in mechanical properties, along
with the relative preservation of ductility and consistent, high-qual-
ity printability, are direct results of the appropriate nanoparticle
distribution facilitated by PEG grafting. Additionally, the electrical
performance of these nanocomposites benefits from PEG-assisted
dispersion. The well-distributed CNTs establish an interconnected
conductive network at lower filler concentrations, allowing for
enhanced charge transport. This ensures improved conductivity
without requiring excessive CNT loading, which could otherwise
compromise mechanical flexibility and processability. Strategies
such as fine-tuning processing temperatures, reducing micro-
voids, and ensuring layer adhesion may further enhance the over-
all integrity and performance of the composites.

3.5. SME

The shape-memory behaviour of PVC–PCL–CNT composites
was evaluated through shape fixity and shape recovery, calculated

using Equation (1) and (2). The DMTA provides critical insights
into the storage modulus and glass transition temperature of the
composites, both of which play a key role in the observed SME
during thermal activation.

The Tg of the PVC–PCL matrix, which is �37–41 °C, serves as
the switching temperature for the shape-memory process, align-
ing closely with the range of body temperature. When the com-
posites are heated above Tg, the material transitions from the
glassy state to the rubbery state, becoming flexible and allowing
it to be programmed into a temporary shape. Upon cooling, the
material retains this deformed shape due to its higher modulus
in the glassy state, which contributes to the observed shape fixity.
The DMTA results further reveal that the incorporation of CNTs
slightly increases the storage modulus, particularly at higher
CNT contents, due to their reinforcing effect. This increase in
modulus stabilizes the deformed shape and explains the
improved shape fixity values observed in CNT-reinforced compo-
sites compared to the neat PVC–PCL blend.

The results for shape fixity demonstrate a significant improve-
ment with the addition of CNTs. The pure PVC–PCL sample
exhibited a shape fixity of 82.35%, while the composite contain-
ing 0.5 wt% CNT achieved the highest value of 95.78%. This
improvement can be attributed to the reinforcing effect of
CNTs, which restrict polymer chain mobility, thereby stabilizing
the deformed shape. However, for composites with 2.0, 3.5, and
5.0 wt% CNT, shape fixity values slightly decreased to 91.21,
89.75, and 90.00%, respectively. This reduction indicates a minor
trade-off between fixity andmaterial stiffness at higher CNT load-
ings, where increased stiffness may limit the material’s ability to
hold the programmed shape as effectively.

During the shape recovery process, reheating the samples
above Tg allows the material to transition back into its rubbery
state, enabling recovery to the original shape. The shape recovery
performance of the composites was analyzed over time, as shown

Figure 6. SEM images of filaments at varying CNT percentages a–d) and the corresponding distribution of modified nanoparticles in the PVC–PCL matrix
e–h): (a,e) 0.5 wt% CNT, (b,f ) 2.0 wt% CNT, (c,g) 3.5 wt% CNT, and (d,h) 5.0 wt% CNT.
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in Figure 7. According to this figure, nearly 100% shape recov-
ery is achieved in all samples; however, the composites with
varying CNT contents exhibit different recovery times. The pure
PVC–PCL sample demonstrated the slowest recovery, requiring
�8–10 s to achieve more than 95% recovery, which is attributed
to the absence of reinforcement and slower thermal response. By
incorporating CNTs, the recovery rate improved significantly.
The composite with 0.5 wt% CNT exhibited the fastest recovery,
achieving more than 95% recovery within 5 s due to the uniform

dispersion of CNTs, which enhance heat transfer and stress
recovery.

For the 2.0 wt% CNT composite, the shape recovery exceeded
95% within 7 s, indicating a significant improvement compared
to the pure blend, though slightly slower than the 0.5 wt% CNT
composite due to increased stiffness. Similarly, the 3.5 wt% CNT
composite achieved more than 95% recovery in 8 s, demonstrat-
ing effective recovery despite the increased rigidity of the matrix.
The 5 wt% CNT composite displayed a slightly faster recovery
compared to the 3.5 wt% sample, achieving 95% recovery within
�7 s, reflecting a balance between stiffness and thermal response
at this concentration.

Overall, the addition of CNTs significantly enhances both
shape fixity and shape recovery performance. The optimal per-
formance was observed at 0.5 wt% CNT, achieving the highest
fixity and the fastest recovery time. Composites with higher
CNT loadings (2.0, 3.5, and 5.0 wt%) maintained excellent
recovery but exhibited slight delays in achieving more than
95% recovery due to increased material stiffness. These results
confirm the critical role of CNTs in enhancing the shape-mem-
ory behaviour of PVC–PCL composites, making them suitable
for applications requiring rapid and reliable shape recovery.
A key advantage of this SMP is its superior SME compared
to commercial materials such as PLA, PETG, and PU-based
SMPs.[47,87,88]

4. Potential Applications

The PVC–PCL–CNT composite exhibits a unique combination of
properties, including biocompatibility, energy absorption, high
thermal resistance, and mechanical flexibility, which make it
highly suitable for various practical applications. This material
demonstrates excellent performance in areas such as hand and
leg splints,[30,89] shoe soles,[90,91] and biosensors[92,93] due to its
ability to integrate structural functionality with adaptability and
durability.[94] Figure 8 illustrates a schematic of potential appli-
cations for this novel composite.

For hand and leg splints, the PVC–PCL–CNT composite pro-
vides significant advantages. Its biocompatibility ensures safety
for direct contact with the body, while its shape-memory proper-
ties enable it to be reshaped and programmed to recover at tem-
peratures of 37–41 °C, aligning with the human body’s natural
temperature range. Unlike traditional splints, which often loosen
over time due to prolonged use or changes in swelling, this com-
posite allows for controlled hardening whenever needed by
applying heat. This feature enables the splint to be reheated
and molded tightly around the affected limb, providing a snug
and secure fit while effectively stabilizing the bone. Additionally,
the material’s energy absorption properties reduce impact-
related stress, enhancing both comfort and functionality for the
user during recovery. Its high thermal resistance further ensures
stability and reliability under demanding conditions, expanding
its usability beyond typical environments.

The composite is also well-suited for use in shoe soles due to
its combination of softness and resilience. Themiscibility of PVC
and PCL ensures a uniform structure with excellent energy
absorption, making it ideal for ergonomic footwear. Under mod-
erate heating, the composite can adapt to the user’s foot shape,Figure 7. Shape recovery (%) in terms of time in a water bath.
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creating a customized fit that improves comfort during pro-
longed use. The high thermal stability provided by CNTs enhan-
ces durability under extreme conditions, ensuring durability
under repeated stress, making it especially advantageous for
sports or therapeutic footwear applications.

In biosensors, the PVC–PCL–CNT composite offers unique
capabilities due to the electrical conductivity introduced by CNTs.
This feature, combined with thematerial’s flexibility and biocom-
patibility, makes it an excellent candidate for the development of
wearable biosensors for health monitoring. The thermal stability
and mechanical robustness of the composite ensure reliable per-
formance, while its adaptability allows it to conform to the sur-
face of human skin, improving signal accuracy. These properties
make it suitable for a wide range of biosensing applications,
including wearable devices and diagnostic tools.

In summary, the PVC–PCL–CNT composite’s exceptional
properties enable it to address challenges in medical, ergonomic,
and technological fields. Its combination of biocompatibility,
thermal adaptability, and durability highlights its potential for
practical applications, making it a valuable material for advanced
engineering solutions.

5. Conclusion

In this study, PVC–PCL–CNT nanocomposites with four differ-
ent weight percentages of modified CNT nanoparticles were
developed and evaluated for their mechanical properties and
shape-memory performance. This research represents a novel
approach to enhancing polymer composites through PEG-
grafted CNT reinforcement. The key findings are as follows:
1) the addition of CNTs increased the storage modulus by
31% (from 2152.78MPa for the neat PVC–PCL to 2822.9MPa
at 5 wt% CNT), reflecting enhanced rigidity and reduced polymer
chain mobility. The glass transition temperature was maintained
within the range of 37–41 °C, aligning with human body temper-
ature and making the material highly suitable for biomedical
applications. Thermal stability improved significantly, with the
decomposition temperature increasing by up to 20 °C at 5 wt%
CNT. 2) Tensile and bending tests revealed that 0.5 wt% CNT
achieved a 25% increase in tensile strength with minimal loss
of ductility, offering the best balance of strength and elongation.
Higher CNT contents, such as 5 wt%, achieved the highest
flexural strength, but with reduced ductility and increased brit-
tleness, making them better suited for rigid applications.
3) Morphological evaluation indicated a uniform distribution
of CNTs across the matrix, ensuring consistent mechanical prop-
erties and minimizing defects such as agglomeration. This dis-
tribution also improved interlayer adhesion and minimized
microvoids, enabling reliable FDM processing even at higher
CNT concentrations, which is often challenging for nanoparticle-
reinforced composites. 4) CNT reinforcement enhanced shape
fixity and recovery performance. The composite with 0.5 wt%
CNT exhibited the highest shape fixity (95.78%) and the fastest
recovery time (5 s), confirming its suitability for adaptive appli-
cations requiring rapid and reliable recovery.

Additionally, this study achieved several keymilestones: 1) suc-
cessful surface modification of CNTs using oxidation and PEG
grafting, which improved compatibility and dispersion within the
matrix, addressing a critical challenge in polymer-nanoparticle
composites; 2) achieving uniform CNT dispersion within the
matrix, ensuring defect-free, high-quality filament production
and enabling reliable, consistent 3D printing, even at elevated
CNT loadings; 3) demonstrating superior mechanical properties
that surpass standard materials used in FDM for CNT-reinforced
composites, with better elongation compared to commercial fila-
ments available in the market; and 4) demonstrating desirable
shape-memory behaviour with activation capability within the
human body temperature range (37–41 °C), reinforcing the
biocompatibility of the composite for biomedical applications such
as splints and adaptive medical devices.

These findings collectively highlight the potential of PVC–
PCL–CNT composites for applications requiring adaptability,
thermal stability, biocompatibility, and improved mechanical
performance in both structural and biomedical fields. Further
exploration of indirect stimulation capabilities remains a prom-
ising avenue for future research.
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Figure 8. Schematic of potential applications for PVC–PCL–CNST composite.
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